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Recent molecular evidence suggests the turbellarian Platyhelminthes may represent the extant basal members of the
Spiralia and therefore probably exhibit ancient features of the spiralian developmental program. The stereotypic quartet
spiral cleavage pattern of the polyclad turbellarian embryo, among other features, indicates that this group may be closely
related to the ancestral flatworm; however, polyclad embryos have been the subject of few experimental studies. Here we
report the results of a cell lineage analysis of the embryo of the polyclad Hoploplana inquilina based on microinjection of
DiI into cleavage-stage blastomeres following formation of each of the four quartets of micromeres. The first quartet gives
rise to most of the lateral and anterior ectoderm of the Mu¨ller’s larva; the second quartet forms largely dorsal and ventral
ectoderm as well as the circular muscles; the third quartet forms only small clones of ectoderm; and only the 4d cell of the
fourth quartet contributes to larval structure, forming the longitudinal muscles, mesenchyme, and probably endoderm. Our
results demonstrate a striking similarity between the cell lineages of polyclad and higher spiralian embryos, in which the
four quadrants also bear the same relationships to the larval axes and give rise to comparable larval structures, including
derivation of mesoderm from both ectodermal (2b) and endodermal precursors (4d). © 1998 Academic Press
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INTRODUCTION
To understand the relationship between development
and evolution, one must compare the development of
organisms of known phylogenetic relationship to generate
hypotheses regarding the characteristics of the ancestral
condition. Recent molecular phylogenies have provided
new insight into metazoan affinities, thus stimulating
investigations into the developmental basis of evolutionary
change. For example, the Platyhelminthes, a diverse group
of acoelomate worms, have been argued to be the sister
group of the coelomate Bilateria (von Salvini-Plawen, 1978;
Ax, 1985; Schram, 1991) or a sister group of the coelomate
protostomes (Brusca and Brusca, 1990; Nielsen, 1995) (Fig.
1); recent molecular data support the latter association
(Aguinaldo et al., 1997; Balavoine, 1997; Carranza et al.,
1997; Valentine, 1997). This ambiguity regarding their
phylogenetic position has significant implications with
respect to the gain and loss of certain developmental
features. Among the extant Platyhelminthes, the catenu-
lids, macrostomids, and polyclads have been argued to be
most closely related to the ancestral flatworm (Ax, 1961;
Nielsen, 1995) and the quartet spiral cleavage pattern of the
polyclad embryo (Fig. 2) is likely to be a plesiomorphic
condition (Balavoine, 1997). If the Platyhelminthes are the
sister group of the coelomate Bilateria (Fig. 1A), there
apparently was a loss of certain features of spiral cleavage in
deuterostome lineages. However, if spiral cleavage did not
characterize the ancestral bilaterians (Valentine, 1997), the
Platyhelminthes may instead represent basal members of
the Spiralia (Fig. 1B). Either way, members of this group are
likely to display ancient features of the spiralian develop-
mental program.
Most of the work on spiralian embryogenesis over the
past century has focused on a relatively small number of
coelomate spiralians in the Mollusca and Annelida. Classic
cell lineage studies using fixed material have revealed
remarkable similarities in cell fates of phylogenetically
diverse organisms, providing convincing evidence that the
Spiralia share a common ancestor (Wilson, 1898). Specifi-
cally it was found that in mollusc and annelid embryos the
first two cleavage planes bear a reproducible relationship to
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the future larval and adult body axes. In general terms, the
A quadrant contributes to the left side of the head (e.g., the
left eye), B to the ventral region, C to the right side (e.g., the
right eye), and D the bulk of the dorsal and posttrochal
region. The first three quartets of micromeres give rise to
ectoderm, the 4a, 4b, and 4c blastomeres and the fourth
quartet macromeres form endoderm, and the D quadrant
derivative of the fourth quartet (4d) produces most of the
adult mesoderm as well as some endoderm. In addition, a
variety of micromeres of the second and third quartets,
depending on the species, give rise to ectomesoderm. Re-
cently these relationships have been largely confirmed,
although the traditional view of spiralian symmetry prop-
erties, where A is left, B is ventral, C is right, and D is
dorsal, has been shown to be an oversimplification (Weis-
blat et al., 1984; Henry and Martindale, 1996, 1998a,b;
Render, 1997).
In view of their significance in evolutionary schemes, the
polyclad flatworms have been the subject of surprisingly
few developmental investigations and most of these have
focused on normal development (Lang, 1884; Wilson, 1898;
Surface, 1907; Kato, 1940). The study of Surface (1907) is
particularly useful, because not only did he examine the
same species as is the focus of this study [Hoploplana
(Planocera) inquilina], but he also summarized the findings
of previous work on polyclad development. However, his
study concerned largely an analysis of living and fixed
cleavage-stage embryos, and in general blastomere fates
were followed only to the initial formation of the germ
layers. Kato (1940) compared the development of 11 species
of Japanese polyclads, including species with direct, indi-
rect, and intermediate development. However, that work
does not include any specific lineage data.
Although the cell lineages compiled around the turn of
the past century were carefully executed, the limitations of
the techniques available at the time led to some crucial
errors and omissions. Recent techniques using fluorescent
lineage tracers have made it possible to refine and extend
the previous studies. By fluorescently labeling identified
cells with DiI, we have followed the fates of individual
blastomeres of the polyclad H. inquilina, providing essen-
tial background information on development of a probable
basal spiralian. Henry et al. (1995) showed that the first two
cleavage planes are oblique to the plane of bilateral symme-
try and blastomeres at the four-cell stage have approxi-
mately the same fates as those of the higher Spiralia.
Furthermore, the cell lineage of the four quadrants is
predictable, although there is some slight variation in the
boundaries of the four ectodermal domains. An investiga-
tion of the origins of mesoderm in H. inquilina followed
this initial work and revealed single sources of ectomeso-
derm from 2b and endomesoderm from 4d (Boyer et al.,
1996). The present study describes the precise fates of the
first four micromere quartets in the embryo of this species.
We compare these fates to previous polyclad and higher
spiralian cell lineages in order to provide information nec-
essary for the interpretation of experimental data and for
analysis of the evolution of development in the Spiralia.
MATERIALS AND METHODS
Specimens of the polyclad H. inquilina were removed from the
mantle cavities of the whelk Busycoptypus cannaliculatus which
were obtained from the Aquatic Resources Division of the Marine
Biological Laboratory (Woods Hole, MA). Procedures for removing
gametes and fertilizing the eggs were as previously described
(Boyer, 1987). Individual blastomeres were injected with DiI as
previously described (Boyer et al., 1996). Living Mu¨ller’s larvae
were examined for labeling patterns with a Zeiss or Olympus
fluorescence microscope at 5 to 6 days of development and photo-
graphed with 400 ISO Ektachrome film or captured with an
Optronix D1750 color CCD camera and an IMAXX (PDI, Redford,
WA) frame grabber on a Macintosh computer.
RESULTS
At the four-cell stage the H. inquilina embryo consists of
two large vegetally positioned blastomeres which meet at
the vegetal cross-furrow and two somewhat smaller, ani-
mally positioned non-cross-furrow cells. Thus, while it is
not possible to specifically identify each quadrant in an
unlabeled embryo, the vegetal cross-furrow cells and their
descendants are easily distinguished from the non-cross-
furrow cells (Fig. 2). We report our results in terms of
derivatives of vegetal cross-furrow and non-cross-furrow
descendants. However, the generation of relatively consis-
FIG. 1. Two possible scenarios for the relationship of the Platy-
helminthes to other metazoan groups (assuming Platyhelminth
monophyly). (A) Phylogeny indicating a sister group relationship
with the coelomate Bilateria. (B) Phylogeny supported by molecular
and developmental data, with the Platyhelminthes as the basal
taxon of the “Spiralia,” a large group of protostome animals
displaying spiral cleavage.
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tent ectodermal labeling patterns with each blastomere
injection allowed assignment of quadrant identities for the
micromeres in each quartet. These assignments were con-
firmed in some cases by injecting the macromeres following
quartet formation. The labeling patterns of the first quartet
macromeres, for instance, are the sum of those of the
second, third, and fourth quartet micromeres plus the
fourth quartet macromeres for any given quadrant. Thus, it
is possible to double check individual cell-labeling patterns
as subsets of larger quadrant-specific clones.
At 22°C H. inquilina embryos reach a well-differentiated
Mu¨ller’s larva (Fig. 3) in approximately 5 days. The larva
consists of a series of ciliated lobes, including the oral hood
and middorsal lobe, which are separated by the apical tuft
and two eyes, the paired ventrolateral and lateral lobes, and
the posterior-dorsal lobe which bears the posterior tuft. The
midventral mouth leading into a blind gut is surrounded by
a ring of “peculiar ciliated cells” at the junction of the
stomodeum and gut (Ruppert, 1978). There is normally
slight variability in the appearance of the larval form in
terms of the size of the individual lobes, and the labeling
patterns observed varied slightly from embryo to embryo.
Consequently the domains depicted in Fig. 8 represent a
consensus of the data obtained from at least two dozen
embryos for each blastomere injected except for the third
quartet (Table 1).
First Quartet
First quartet cells give rise to most of the lateral and
anterior ectoderm, the eyes, apical tuft, and components of
the nervous system (Fig. 4). Two distinct labeling patterns
were seen in the larvae from each of the two different sets
of injections.
Nonvegetal cross-furrow micromeres. In one group of
larvae left ventrolateral ectoderm was labeled. This in-
cluded the main body wall, the lateral side of the left
ventrolateral lobe, the left eye, the apical tuft ectoderm, and
the left side of the oral hood in a distinct pattern of bands on
the upper surface and extending to the midline on the
underneath surface. Scattered unlabeled regions within this
ectodermal domain included patches of the oral hood and
small areas of the lateral body wall and left ventrolateral
lobe (Figs. 4A, 4B, and 8). The general left ventrolateral
location of this labeling pattern is similar to that of higher
spiralians when the 1a micromere is labeled (Henry and
FIG. 2. Early spiral cleavage in a polyclad turbellarian. The two-cell, four-cell, first quartet, second quartet, and third quartet illustrations
are seen from the animal pole. The fourth quartet stage is viewed from the vegetal pole and features the large fourth quartet micromeres
(4a–4d) and the tiny macromeres (4A–4D) which are characteristic of the polyclads. At the four-cell stage the B and D blastomeres meet
at the vegetal cross-furrow. Typically the micromere derivatives of the B and D quadrants meet at the animal cross-furrow. Spiral cleavage
nomenclature is according to Robert (1903).
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Martindale, 1998a,b). In the other group of larvae fluores-
cence was confined to the right dorsolateral ectoderm,
including the right lateral lobe, the right eye, the apical tuft
ectoderm, and a small patch on the outer tip of the right
ventrolateral lobe (Figs. 1E, 1F, and 7). This pattern indi-
cates that the 1c micromere was labeled.
Vegetal cross-furrow micromeres. In one set of results
the right ventrolateral side of the embryo in almost a
bilaterally symmetrical, mirror image of the 1a pattern was
labeled, although positioned somewhat more ventrally and
not including the right eye or the apical tuft. Bands of
labeled tissue extended partly into the left side of the oral
hood between the bars of ectoderm derived from 1a. A strip
of cells along the right ventral side of the oral hood and a
small patch of ectoderm in the right ventrolateral lobe were
not labeled (Figs. 4C, 4D, and 8). This pattern is consistent
with assignment of the labeled cell as the 1b micromere. In
the remaining larvae the left dorsolateral ectoderm was
labeled in almost a bilaterally symmetrical, mirror image of
the 1c pattern, although slightly more dorsally positioned
and not including the left eye, the apical tuft, or the tip of
the left ventrolateral lobe (Figs. 4G, 4H, and 8). We conclude
from this pattern that the 1d blastomere was injected.
For the most part, the results indicate that the 1a, 1b, 1c,
and 1d micromeres occupy nearly bilaterally symmetrical,
left and right ventral and right and left dorsal positions
within the Mu¨ller’s larva. This situation is essentially the
same as that found in many other spiralian embryos (Henry
and Martindale, 1998a,b).
Second Quartet
The second quartet ectodermal labeling patterns were
largely confined to lateral, dorsal, and ventral regions of the
FIG. 3. A 5-day-old Mu¨ller’s larva of H. inquilina. (A) Left lateral view indicating the larval axes. Anterior is up in this and all other figures.
The larva is approximately 120 mm in length, but most cases have been flattened for photographic purposes. A, anterior; P, posterior; D,
dorsal; V, ventral. (B) Tracing of the larva shown in A. at, apical tuft; dl, dorsal lobe; lll, left lateral lobe; lvll, left ventrolateral lobe; oc,
ocellus; oh, oral hood; pt, posterior tuft.
TABLE 1
Number of Larvae Scored for Each Experiment
Non-cross-furrow cell Cross-furrow cell
a c ? N b d ? N
First quartet 28 23 — 51 30 29 — 59
Second quartet 16 23 — 39 22 26 — 48
Third quartet 10 10 5 25 6 5 5 16
Fourth quartet ? ? 27 27 38 33 — 71
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Mu¨ller’s larva, including the cilia associated with the
stomodaeum (Fig. 5). In addition, three of the four cells
made consistent contributions to components of the ner-
vous system and one cell formed the circular muscles.
Again, two different larval labeling patterns were seen with
each set of injections.
Nonvegetal cross-furrow micromeres. In one group of
larvae, the medial side of the left ventrolateral lobe, a patch
on the left side of the mouth including the stomodael cilia,
a strip of cells on the left ventral side of the oral hood, and
the unlabeled spaces in the left side observed after injection
of 1a were fluorescent (Figs. 5A, 5B, and 8). In addition,
some nerve cells were labeled. These patterns are consis-
tent with labeling of the 2a micromere. In the remaining
larvae fluorescence was confined to the medial ectoderm of
the right ventrolateral lobe, ectoderm extending in a band
on the right ventral side to the ventral side of the oral hood,
including the right side of the mouth with its associated
stomodael cilia, and a strip of cells on the right ventral side
of the oral hood (Figs. 5E and 5F). Neuronal components
were also labeled. This pattern indicates that the 2c micro-
mere was injected.
Vegetal cross-furrow micromeres. The circular mus-
cles of the Mu¨ller’s larva were labeled in one group of
larvae. The muscle bands form concentric circles around
the apical tuft, run into the oral hood and dorsal lobe, and
extend along the body wall and into the ventrolateral and
lateral lobes (Figs. 5C and 5D). Labeled ectoderm was
confined to the midventral region anterior to the mouth,
including the stomodael cilia, and the small space in the
right side that was not labeled by injection of 1b. Based
on the ventral ectodermal staining as well as the consis-
tent dorsal ectodermal labeling of the other cross-furrow
cell, we have identified this cell as the 2b micromere
(Boyer et al., 1996). In the second group a prominent
middorsal strip of ectoderm from the middorsal lobe to
the posterior lobe, including the posterior tuft and ex-
tending to the lateral lobes, was labeled, as well as a
significant portion of the peripheral nervous system (Figs.
5G and 5H). This labeling is a subset of the pattern
observed when the D cell is injected (Henry et al., 1995)
and therefore identifies this as the 2d cell, which is
referred to as the primary somatoblast in higher spira-
lians.
FIG. 4. Representative examples of Mu¨ller’s larvae of H. inquilina following injection of individual cells of the first quartet of micromeres.
Each pair of photos consists of a DIC and fluorescent image of the same larva. Anterior is located toward the top of the page. A and B show
the left side of a larva in which the 1a micromere was labeled. Note labeling of the left ocellus (lo) and ectoderm on the left ventral side.
lvll, left ventral lateral lobe. C and D show a right lateral view of a 1b-labeled larva. Fluorescence is confined to the right ventral ectoderm
in a pattern similar to the 1a labeling on the opposite side of the midline but does not include the right ocellus (ro). E and F show clones
derived from the 1c micromere as seen from the right side. The right dorsal ectoderm and the right ocellus (ro) are fluorescent. Note the
labeled cells at the tip of the right ventrolateral lobe (rvll). G and H show a dorsolateral view of a 1d injection in which the left dorsal
ectoderm is labeled but not the left or right ocellus.
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Third Quartet
The third quartet blastomeres are the smallest cells of the
embryo at this stage and generate only sparse patches of
ectoderm consisting of a few cells. In addition, all give rise
to stomodael cilia and make a significant contribution to
the nervous system (Fig. 6). Because these cells are very
difficult to label, the results were not as consistent as with
the other quartets. The variability suggests that in some
cases adjacent cells may also have been inadvertently
labeled. However, in general two distinct labeling patterns
were again seen in the larvae.
Nonvegetal cross-furrow micromeres. A labeled clone
of cells was observed in the medial tip of the left ventrolat-
eral lobe (Figs. 6A, 6B, and 8) in one group. A similar clone
was seen in the right ventrolateral lobe (Figs. 6E, 6F, and 8)
of the other. These clones are derived from what must be
the 3a and 3c micromeres, respectively. Other small
patches of labeled cells were sometimes observed, particu-
larly around the mouth, but did not occur in any consistent
pattern.
Vegetal cross-furrow micromeres. In one group of lar-
vae a medial patch of the right ventrolateral lobe was
labeled (Figs. 6C and 6D). We conclude that this domain is
derived from the 3b micromere. In the other group of larvae,
labeled clones contributed to the lower edge of the mouth,
extending toward the dorsal side (Figs. 6G and 6H). This
class of labeling patterns indicates derivation from the 3d
cell. As with the non-cross-furrow micromeres, apparently
random small patches of labeled ectoderm were also some-
times observed.
Fourth Quartet
The fourth quartet micromeres are very large, comparable
in size to the macromeres in most spiralian embryos. Only
one of these cells (4d) contributes to larval structures. The
fluorescence observed in embryos in which the third quar-
tet macromeres were labeled was indistinguishable from
that in those in which fourth quartet cells were injected.
The specific cases reported here are of the fourth quartet
injections only.
Nonvegetal cross-furrow micromeres. All of the in-
jected non-cross-furrow cells labeled internal masses of
yolky material and sometimes a few apparently random
ectodermal cells (Figs. 7A and 7B). It was impossible to
FIG. 5. Representative examples of larvae following injection of individual cells of the second quartet of micromeres. Each pair consists
of a DIC and fluorescent image of the same larva. A and B show the left side of a larva following injection of the 2a micromere. Most of
the labeling is located on the medial surface of the left ventrolateral lobe (lvll), although small patches of labeling are also seen on the lateral
surface (out of plane of focus) and the tip of the oral hood (oh). lo, left ocellus. C and D show the right side of a larva in which the 2b
micromere was injected. Note the extensive array of circular muscle fibers (mf) which are located under the epidermis. ro, right ocellus.
E and F show a ventral view of a larva following injection of the 2c micromere. Labeled cells are located on the medial side of the right
ventrolateral lobe (rvll), the right side of the stomodeum (st), and the underside of the oral hood (oh). G and H show a dorsal view of a larva
from injection of the 2d micromere. A strip of ectoderm from the dorsal lobe to the posterior lobe, and including the posterior tuft and part
of the lateral lobes, is labeled. The dorsal midline is indicated by arrows.
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consistently identify with which quadrant these were asso-
ciated.
Vegetal cross-furrow micromeres. Unlike the non-
cross-furrow macromeres, the labeling patterns derived
from these injections fell into two distinctly different
classes. In one group label was seen only in internal yolky
masses and occasionally a few ectodermal cells (Figs. 7C
and 7D). These embryos were indistinguishable from those
in which the non-cross-furrow cells were labeled. In the
remaining larvae the longitudinal and oblique muscles
extending the length of the Mu¨ller’s larva and into the oral
hood and the lateral and ventrolateral lobes were labeled
(Figs. 7E and 7F). In addition, there was extensive diffuse
internal labeling of mesenchyme throughout the body and
probably of endoderm as well. The pervasive internal label-
ing made it impossible to differentiate mesoderm from
endoderm.
Based on injections of the D and 1D cells (Figs. 7G and
7H) which demonstrated dorsal ectodermal labeling char-
acteristic of the D quadrant as well as labeled longitudinal
muscle and mesenchyme, we interpret the first labeling
pattern as belonging to derivatives of the 4b micromere and
the muscle labeling pattern to progeny of the 4d micromere.
Fourth Quartet Macromeres
The tiny fourth quartet macromeres were injected in a
few embryos but resulted in no labeling of the larvae. These
cells appear to degenerate without contributing to the larval
body.
The cell lineage of H. inquilina, as derived from the
labeling patterns described above, is presented in Fig. 9.
DISCUSSION
Previous descriptive studies of polyclad embryogenesis
followed the quartet spiral cleavage pattern and the lineages
of early blastomeres. However, with the lineage-tracing
techniques available at the time, it was not possible to
follow the fates of identified cells with any confidence
beyond the early stages of development. Indeed, some
experimental work suggested that it might be difficult or
impossible to identify unique lineages of cells because there
appeared to be a variable positioning of cleavage planes with
respect to the various larval axes (Boyer, 1987, 1989). The
use of intracellular lineage tracers (Henry et al., 1995; Boyer
et al., 1996 and this paper) has revealed consistent patterns
FIG. 6. Representative examples of larvae after injection of individual cells of the third quartet of micromeres. Each pair consists of a DIC
and fluorescent image of the same larva. These cells are very small and contribute to little ectodermal tissue. A and B show a right ventral
view of a larva in which 3a was labeled. A few epidermal cells on the medial tip of the left ventral lateral lobe (lvll) as well as a patch of
cilia (arrow) are labeled. C and D show a right side view of a 3b-labeled larva showing a small patch of staining (arrow) on the lateral side
of the right ventrolateral lobe (rvll). The bright strip above this is labeled neurons. E and F show the result of injecting the 3c micromere
as seen from the right side. A group of labeled cells on the medial tip of the right ventral lateral lobe (arrow) is seen through the lobe. G
and H show a right lateral view of a larva in which the 3d micromere was labeled. A small patch of epidermis posterior and dorsal to the
mouth is labeled (arrow). ro, right ocellus.
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of cell clones derived from identified cells within all em-
bryos. Despite the fact that it is impossible to distinguish
the two members of each pair of cross- and non-cross-
furrow blastomeres at the time of labeling, the observation
of distinct patterns of fluorescence that occur in essentially
equal proportions indicates that our labeling procedure does
not bias the fates of descendant cells. Clones were generally
observed in the expected territories for a spiral cleaving
embryo in which individual micromeres are produced in
alternating 90° orientations with respect to the previously
borne micromeres. Thus, one can identify the blastomeres
in polyclad embryos with certainty and the labeling pat-
terns conform to the basic spatial distribution of cells
derived from the A, B, C, and D quadrants (Henry et al.,
1995) seen in other spiralian embryos.
Comparison with Previous Cell Lineage Results in
Hoploplana
In his investigation of the early cell lineage of H. in-
quilina, Surface (1907) reported that the first quartet pro-
duces the ectoderm of the anterior and dorsal regions of the
body as well as “the ganglion” (brain). He did not identify
other contributions to the nervous system. The eyes were
believed to be first quartet derivatives, although the exact
precursors were not specified. We have shown that the first
quartet gives rise to the bulk of the larval ectoderm,
excluding the dorsal-medial, ventral-medial, and posterior-
most regions. All of the anterior ectoderm is derived from
the first quartet. The left eye is formed by 1a and the right
eye by 1c as is the case in other spiralians such as Ilyanassa
(Render, 1991). Interestingly, the eyes exhibit traditional
spiralian symmetry properties where A is left and C is right
even though the micromere clones that produce them are
quite asymmetric, with 1a forming left ventral and 1c right
dorsal ectoderm, respectively. We have not been able to
discern the specific “ganglion” Surface referred to, but have
observed neuronal components derived from the first quar-
tet throughout the larval body (e.g., Fig. 6) which generally
correspond to the pattern described by Lacalli (1982, 1983)
for the polyclad Pseudoceros canadensis.
According to Surface, the second quartet is largely ecto-
dermal, forming the majority of the ventral and posterior
epidermis as well as most of the ectoderm of the pharynx.
FIG. 7. Representative examples of larvae following injection of individual cells of the fourth quartet of micromeres. Each pair consists
of a DIC and fluorescent image of the same larva. A and B show a left lateral view of a larva in which one of the non-cross-furrow
micromeres of the fourth quartet was labeled. This injection always resulted in internal labeling in no definitive pattern. C and D show a
right ventral view of a larva in which the 4b cell was labeled. The pattern was indistinguishable from that following injection of fourth
quartet non-cross-furrow micromeres. E and F show a right ventral view of a larva in which the 4d cell was labeled. Longitudinal muscle
fibers (mf) are seen extending into the oral hood (oh) and ventrolateral lobes. A great deal of internal mesenchymal tissue is also labeled.
G and H show the right side of a larva following the injection of the 1D macromere. Longitudinal muscle (mf) and mesenchyme are labeled,
as are ectodermal patches on the dorsal side of the larva (arrows), indicating that the lineage giving rise to endomesoderm is derived from
the dorsal (D) quadrant. lo, left ocellus; ro, right ocellus.
118 Boyer, Henry, and Martindale
Copyright © 1998 by Academic Press. All rights of reproduction in any form reserved.
Second quartet derivatives of all quadrants were reported to
give rise to mesoderm surrounding the blastopore and
subsequently to form muscles and other mesodermal con-
tributions to the pharynx. In contrast to the observations of
Surface, we have found that the contribution of the second
quartet to ectoderm is relatively small compared to that of
FIG. 8. Summary diagram indicating the typical contributions of each cell through the formation of the third quartet of micromeres to
the ectoderm of the Mu¨ller’s larva in the polyclad flatworm H. inquilina. Specific contributions are as indicated by the color-coded key.
Axes shown on the central three-dimensional view are as follows: A-P, anterior–posterior; D-V, dorsoventral; L-R, left–right. Other views
are as labeled. Diagram modified from that of Henry et al. (1995).
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the first quartet. 2a and 2c make ventral-medial ectoderm
and 2d forms an ectodermal strip down the dorsal side. 2b
appears to give rise to ectoderm that is largely limited a
small ventromedial area above the mouth; the major con-
tribution of this cell is to make the circular musculature of
the body. Contrary to Surface’s claim, the 2a, 2c, and 2d
micromeres do not appear to make any contribution to
mesodermal derivatives but do form parts of the nervous
system.
Our observations largely corroborate those of Surface
FIG. 9. Cell lineage fate map of the H. inquilina embryo.
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(1907) regarding the third quartet micromeres which make
only minor contributions to the epidermis. However, we
have noted that a significant portion of the nervous system
is formed by these cells as well.
Surface attributed the endoderm and all of the mesoderm,
with the exception of the mesodermal structures of the
pharynx, to the 4d cell. He observed that the fourth quartet
micromeres from the A, B, and C quadrants do not divide
but break up into yolk spheres that are absorbed by the
endoderm. Our observations agree with those of Surface
regarding the 4a, 4b, and 4c cells which always formed large
internal yolky masses but sometimes generated a few
isolated epidermal cells as well. These epidermal contribu-
tions were not always seen and represent either a non-
invariant part of the cell lineage or perhaps inadvertent
labeling of adjacent ectodermal precursors during the injec-
tion procedure. We found that the 4d cell made the longi-
tudinal, diagonal, and oral hood muscles as well as mesen-
chyme. Since differentiated endoderm was not observed
with labeling of any other cells, we conclude that it is
probably also a product of the 4d cell and is obscured by the
pervasive labeling of mesodermal components. The internal
masses of yolky material that were observed with labeling
of the 4a, 4b, and 4c micromeres did not correspond with
the location of the gut and were not reproducible from
embryo to embryo, leading us to conclude that they do not
contribute to formation of the larval gut.
Since the results of labeling third quartet macromeres
were indistinguishable from those when fourth quartet
micromeres were injected, we conclude that the tiny fourth
quartet macromeres do not make any contribution to larval
structure, thus corroborating the observations of Surface
(1907). This is further supported by the lack of any observ-
able larval fluorescence when these cells were labeled.
Similarities to Coelomate Spiralian Cell Lineages
Our results emphasize the striking similarity between
the cell lineages of polyclads and the higher spiralians. The
remarkable conservation of the quartet spiral cleavage pat-
tern, with alternating dexiotropic and laeotropic cleavage
planes that generate quartets of micromeres, characterizes
the group as a whole. We have shown that the lineage
homologies revealed in polychaete annelids, molluscs, and
nemerteans extend to the polyclad turbellarians as well.
The derivatives of the four cell quadrants generated by the
first two cleavages bear constant relationships to the larval
axes in these groups. In general, the derivatives of the first
quartet lie in left ventral (1a), right ventral (1b), right dorsal
(1c), and left dorsal (1d) locations. Those of the second
quartet occupy left (2a), ventral (2b), right (2c), and dorsal
(2d) locations. These two sets of relationships alternate
between each of the successive micromere quartets (see
Henry and Martindale, 1998a,b). The first three quartets of
micromeres produce the ectoderm, while 4d gives rise to
mesoderm and endoderm. These features appear to be
plesiomorphic characters that unite the spiralians. This
study extends a previous report which demonstrated that
mesoderm is derived from the 2b blastomere as well as from
4d, suggesting that the last common ancestor of polyclads
and other spiralians already possessed ectomesodermal and
endomesodermal precursors (Boyer et al., 1996) and indicat-
ing that this also may be a plesiomorphic feature of spira-
lians.
Unique Aspects of the H. inquilina Cell Lineage
There are some noteworthy differences, however, in the
cell lineages of polyclads and higher spiralians. Modifica-
tions of the cleavage pattern in polyclads include the
unusually large size of the fourth quartet micromeres and
the very small size of the macromeres. Surface (1907) and
van den Biggelaar (1996) observed that the mesentoblast in
polyclads forms from a derivative of 4d (4d1, which was
incorrectly identified as 4d2 by Surface), so that mesento-
blast formation occurs one cell cycle later than in higher
spiralians. Van den Biggelaar (1996) suggests that this is a
plesiomorphic condition for the Spiralia and that there has
been a heterochronic shift in the timing of mesentoblast
formation in higher Spiralia.
The role of the remaining fourth quartet micromeres
(4a–4c) also is different in polyclads, where they may
sometimes generate a few ectodermal cells but otherwise
provide only nutrition to the developing embryo. The very
small macromeres of polyclads degenerate without giving
rise to any larval structures. In most higher spiralians the
fourth quartet micromeres, and in many forms the macro-
meres as well, give rise to the cellular components of the
endoderm. Since it is unclear whether Mu¨ller’s larvae feed
and most gut differentiation occurs during metamorphosis,
the recruitment of more cells to make endoderm may
represent an evolutionary trend in coelomates to generate a
functional gut sooner.
Of particular interest is the relationship of the primary
somatoblast, 2d, in polyclads and other spiralians. In some
molluscs and annelids, the 2d blastomere makes a dispro-
portionate amount of the posterior body including most of
the postrochal region and sometimes is larger than other
second quartet cells, as illustrated in Unio (Lillie, 1895),
indicating that the D quadrant assumes an increased role in
forming the larger, complex regions of the adult body plan
in higher Spiralia. Although we have not established the
adult contributions in H. inquilina, the 2d cell makes only
a thin strip of ectoderm along the dorsal midline of the
larva. Perhaps the 2d lineage was recruited in the elabora-
tion of the D quadrant in derived spiralians.
Implications for Understanding the Experimental
Embryology of Polyclads
To date, the only experimental studies on polyclad
development are those of Boyer (1986, 1987, 1988, 1989,
1992, 1997) on H. inquilina which indicated that devel-
opment is somewhat mosaic. Blastomere deletion experi-
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ments on early embryos resulted in characteristic abnor-
malities such as asymmetries, deficient lobe
development, and failure to form one or both eyes. While
there was a significant tendency for A and C quadrant
deletions to produce left and right abnormalities, B and D
quadrant ablations sometimes did as well. Similarly,
experiments involving removal of B and D quadrant
blastomeres produced significantly more dorsal and ven-
tral abnormalities, but comparable results were some-
times obtained with A and C deletions (Boyer, 1986,
1987, 1989, 1992). These results can be explained by the
symmetry patterns generated from the four quadrants
where A is left ventral, B is right ventral, C is right dorsal,
and D is left dorsal so that single cell deletions at the
four-cell stage can affect larval symmetry of more than
one axis. Furthermore, the altered cell associations pro-
duced by the deletion experiments can result in altered
cell interactions that may allow for the expression of
different developmental pathways in the remaining blas-
tomeres. Such interactions are well known in other
spiralian embryos and also are clearly occurring in the H.
inquilina embryo as shown by experiments indicating
that the macromeres play a role in determining eye
number. Deletion of macromeres is associated with for-
mation of supernumerary eyes, and extra eyes are more
likely to form as the number of macromeres removed is
increased. Cross-furrow macromeres have a greater effect
than non-cross-furrow cells in preventing this abnormal-
ity (Boyer, 1997).
Many developmental questions, such as the mechanism
of dorsal–ventral axis specification in this evolutionarily
significant group, remain unanswered. Recently van den
Biggelaar et al. (1997) examined early development in the
polyclad Prosthecereus and found that the fourth quartet
cell of the B quadrant becomes centrally located and con-
tacts the animal micromeres. This is reminiscent of the
situation in equal-cleaving molluscs where after fifth cleav-
age a vegetal cross-furrow macromere assumes this position
and is induced to become dorsal (van den Biggelaar and
Guerrier, 1979; Arnolds et al., 1983; Martindale et al., 1985;
Martindale, 1986). While it has not been demonstrated that
this juxtaposition of blastomeres in Prosthecereus has any-
thing to do with axis specification, the similarity to the
higher spiralians is noteworthy. Experiments on H. in-
quilina in which the first quartet micromeres were re-
moved resulted in very aberrant larvae that failed to develop
the normal axes of bilateral symmetry (Boyer, 1989), sug-
gesting that in polyclads the dorsal quadrant may be deter-
mined by cell interactions. These data suggest that stereo-
typical cell lineage programs are not necessarily involved
with the establishment of cell fates by autonomous speci-
fication, but that they position cells with respect to one
another to allow for continued cell–cell interactions during
subsequent development (Sternberg and Felix, 1997; Schna-
bel, 1997; Martindale and Henry, 1998).
CONCLUSIONS
The results of this cell lineage study indicate that not
only are the axial positions of the alternating cleavage
planes in the polyclad embryo, but blastomere fates as well
are very similar to those of polychaete, nemertean, and
molluscan embryos that have been previously described.
These embryological features support the concept of the
Spiralia as a legitimate clade of protostomes sharing a
common ancestry and provide further evidence that turbel-
larian platyhelminthes such as the polyclads, which exhibit
the plesiomorphic spiral cleavage pattern, represent the
extant basal spiralians.
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